Osteopontin (OPN) is a chemotactic factor which can be cleaved to the pro-inflammatory form by matrix metalloproteinases (MMPs). To test the hypothesis that OPN can modulate inflammatory liver injury during cholestasis, wild-type (WT) C57BL/6 and OPN knockout (OPN-KO) mice underwent bile duct ligation (BDL). OPN-KO mice showed significant reduction in liver injury (plasma ALT and necrosis) and neutrophil recruitment compared with WT animals at 24h but not 72h after BDL. In WT mice, a 4-fold increase in hepatic MMP-3 mRNA and elevated MMP activities and cleaved OPN levels were observed in bile. WT mice subjected to BDL in the presence of the MMP inhibitor BB-94 showed reduced liver injury, less neutrophil extravasation and diminished levels of cleaved OPN in bile. Thus, during obstructive cholestasis, OPN released from biliary epithelial cells could be cleaved by MMPs in bile. When the biliary system leaks, cleaved OPN enters the parenchyma and attracts neutrophils. In the absence of OPN, other chemoattractants, e.g. chemokines, mediate a delayed inflammatory response and injury. Taken together, our data suggest that OPN is the pro-inflammatory mediator that initiates the early neutrophil-mediated injury phase during obstructive cholestasis in mice.
INTRODUCTION
Cholestatic liver disease can be caused acutely by drug toxicities or obstruction of the bile duct by gallstones, and chronically by genetic defects or malignancies (Hirschfield et al., 2010) . Acute obstructive cholestasis is characterized by hepatocellular injury, which is followed by bile duct proliferation, fibrosis and cirrhosis (Sellinger and Boyer, 1990) . However, the molecular mechanisms of liver injury induced by obstructive cholestasis remain not well defined (Woolbright and Jaeschke, 2012) . One hypothesis suggests that liver injury during BDL is caused by an inflammatory response involving neutrophilmediated liver injury (Gujral et al., 2003 (Gujral et al., , 2004b . However, for neutrophils to be a relevant factor in the pathophysiology, a prerequisite would be the formation of chemotactic agents that can activate and recruit neutrophils into the liver (Jaeschke, 2006) . It was demonstrated that bile acids can induce the transcription factor early growth response factor-1 (egr-1), which regulates a number of pro-inflammatory genes including macrophage inflammatory protein-2 (MIP-2), keratinocyte chemoattractant (KC) and intercellular adhesion molecule-1 (ICAM-1) in hepatocytes (Allen et al., 2010 (Allen et al., , 2011 Kim et al., 2006) . The fact that mice deficient in ICAM-1 or egr-1 showed reduced neutrophilic inflammation and less injury after BDL supported the importance of bile acid-induced inflammation in the pathophysiology (Gujral et al., 2004b; Kim et al., 2006) . Most importantly, the proinflammatory effect was caused by bile acids at concentrations that are achieved in vivo after BDL (Zhang et al., 2012) . However, an important, unanswered question remains which mediator(s) actually initiate this neutrophilic inflammatory response after BDL.
Osteopontin is a multifunctional glycophosphoprotein that can function as a neutrophil chemoattractant by binding to integrin receptors (Banerjee et al., 2008; Denhardt et al., 2001; Ramaiah and Rittling, 2008) . In the liver, osteopontin is expressed in biliary epithelial cells and has been shown to be substantially induced in different models of biliary fibrosis including BDL (Banerjee et al., 2006b; De Minicis et al., 2007; Fickert et al., 2007 Fickert et al., , 2010 . Osteopontin expression was also upregulated in biliary epithelium in human biliary atresia (Whitington et al., 2005) . Because of the induction during BDL and its potent chemotactic properties, we tested the hypothesis that osteopontin may initiate the neutrophilic inflammatory response during BDL.
MATERIAL AND METHODS

Animals
Eight to twelve week old male WT (C57BL/6) and OPN knockout (OPN-KO) mice, which are on a C57BL/6 background, were purchased from Jackson Laboratories (Bar Harbor, ME). All animals were maintained in an environmentally controlled room with a 12 h light/ dark cycle and allowed free access to food and water. The experimental protocol was approved by the Institutional Animal Care and Use Committee of the University of Kansas Medical Center and followed the criteria of the National Research Council for the care and use of laboratory animals in research.
Experimental design
WT and OPN-KO mice were subjected to BDL for 1 or 3 days as described previously (Gujral et al., 2003) . Sham-operated animals served as controls (n=5 for each time point). For experiments with inhibition of MMPs, the MMP inhibitor Batimastat (BB-94) at a dose of 20 mg/kg was used (Wielockx et al., 2001) . The compound was sonicated into suspension with PBS/0.01% Tween 20. WT mice subjected to BDL for 1-day were intraperitoneally injected with either BB-94 or vehicle, just after BDL and then 6 hours after BDL. The animals were sacrificed at various time points by cervical dislocation and exsanguination.
Blood, bile and liver samples were collected at the time of sacrifice from the animals. Bile was obtained via rupture of the gall bladder into a plastic tube. Gall bladder was excluded from protein used in western blot assays. Bile was flash frozen in liquid nitrogen and stored at −80°C. Plasma was used to determine alanine aminotransferase (ALT) activities. Liver samples were either snap-frozen in liquid nitrogen or fixed in phosphate-buffered formalin. Formalin-fixed livers were embedded in paraffin, and 5μm sections were cut and used for histology.
Histology
Liver sections were stained with hematoxylin and eosin (H&E) for evaluation of liver injury. The tissue for histological analysis was always derived from similar mid-sections from the same liver lobes, i.e. the tissue sections used for H&E staining and immunohistochemical analysis were of similar size for all animals in all groups. For counting of the infarcts per section, the tissue sections were de-identified and evaluated blindly. To assess neutrophil accumulation in the liver, sections were stained for chloroacetate esterase, a marker for neutrophils (Jaeschke et al., 1990) , using a Naphthol-ASD Chloroacetate Esterase Kit (Sigma, St. Louis, MO). Neutrophils present in the sinusoids and extravasated into the parenchyma were counted in 20 randomly selected high-power fields (HPF). The sum of sinusoidal and extravasated neutrophils were expressed as the total neutrophil sequestration in the liver (Gujral et al., 2003 (Gujral et al., , 2004b .
Real-Time PCR
mRNA expression of the selected genes (OPN, MMP-2, -3, -7, and -13) was quantified using real-time RT-PCR analysis as previously described (Bajt et al., 2008) . Briefly, RNA was isolated using TRI reagent (Sigma-Aldrich, St. Louis, MO), and was reverse-transcribed into cDNA. After normalizing cDNA concentration, the SYBR green DNA PCR kit (Applied Biosystems) was used for real-time PCR analysis. Primer pairs used included as follows: 5′-GTATGACTCCACTCACGGCAAA-3′ and 3′-GGTCTCGCTCCTGGAAGATG-5′ for β-actin; 5′-ACACTTTCACTCCAATCGTCC-3′ and 3′-TGCCCTTTCCGTTGTTGTCC-5′ for OPN; 5′-CACCTGGTTTCACCCTTTCTG-3′ and 3′-AACGAGCGAAGGGCATACAA-5′ for MMP-2; 5′-CCCACCAAGTCTAACTCTCTGGAA-3′ and 3′-GGGTGCTGACTGCATCAAAGA-5′ for MMP-3; 5′-GGTCACCTACAGGATCGTATCATAT-3′ and 3′-CATCACTGCATTAGGATCAGAGGAA-5′ for MMP-7; and 5′-GACCTTGTGTTTGCAGAGCACTAC-3′ and 3′-TTCTCGGAGCCTGTCAACTGT-5′ for MMP-13. The relative differences in expression between groups were expressed using cycle time (Ct) values generated by the ABI 7900 instrument (Applied Biosystems). All genes evaluated were first normalized to β-actin, a housekeeping gene, as an internal control, and then expressed as a fold increase relative to control arbitrarily set as 1.0. Calculations are made by the 2^ (−ddCt) formula.
Immunohistochemistry
Sequential liver sections were deparaffinized in xylene and rehydrated in serial ethanol: water dilutions. Endogenous hydrogen peroxide was quenched and the tissue was probed for OPN using an anti-OPN antibody (anti-mouse OPN. Cat. # AF808, R&D systems, Minneapolis, MN). Stain was visualized using a donkey anti-goat HRP secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA) and DAB peroxidase (Vector Labs, Burlingame, CA) and counterstained with hematoxylin.
Western Blotting
OPN in bile and liver tissue was evaluated by Western Blot analysis, as described (Bajt et al., 2000) . The following antibodies were used: a rabbit anti-OPN antibody (Abcam, Cambridge, MA), which recognizes both the full-length OPN (66 kD) and MMP-cleaved OPN (32 kD); a donkey anti-rabbit IgG (Santa Cruz) was used as secondary antibody. Each lane was loaded with 30 μg protein for bile or liver samples. Proteins were visualized by enhanced chemiluminescence (Amersham Pharmacia Biotech. Inc., Piscataway, NJ).
Gelatin zymography
Zymography of protease activity was performed as described (Ramachandran and Balasubramanian, 2000) . Briefly, bile samples (100 μg protein) were separated on 12% polyacrylamide gels containing 0.2% gelatin. After electrophoresis, the gels were soaked in 2% Triton X-100, followed by incubation in reaction buffer (0.1M Tris-HCl, pH 7.5 with 10mM CaCl 2 ) overnight at 37°C and then stained with Coomassie brilliant blue.
Statistical Analysis
Data are given as means ± SE. Comparison between two groups were performed with Student t test or 1-wayANOVA followed by Bonferroni t test for multiple groups. If the data were not normally distributed, the Mann-Whitney test was applied for comparison of 2 groups. P< 0.05 was considered significant.
RESULTS
Liver injury and neutrophil accumulation were reduced in OPN-KO mice 1-day after BDL
To investigate the role of OPN in the development of liver injury during obstructive cholestasis, BDL was carried out in WT and OPN-KO mice. Liver injury, as indicated by the increase in plasma ALT activities ( Figure 1A ), and the development of areas of necrosis (bile infarcts) ( Figure 1B , C), was observed 1 day after BDL with no relevant further aggravation at 3 days. OPN-deficient mice were significantly protected against BDLinduced liver injury as indicated by the 45% lower ALT activities and the complete absence of bile infarcts at day 1 (Figure 1 ). However, plasma ALT activities ( Figure 1A ), the number of bile infarcts ( Figure 1B ,C) and their size distribution (not shown) were not significantly different 3 days after BDL suggesting that the development of liver injury was substantially delayed in OPN-deficient mice but not prevented.
As BDL-mediated liver injury in mice is neutrophil-dependent (Gujral et al., 2003 (Gujral et al., , 2004b , we evaluated if OPN is needed for neutrophil recruitment into the liver and extravasation into the parenchyma. Neutrophils were stained in tissue sections with the chloroacetate esterase method and counted in sinusoids and in the area of necrosis (extravasated). Compared to sham-operated animals, which had only a few neutrophils in sinusoids, WT mice had a substantial accumulation of neutrophils in the liver at 1 and at 3 days, most of which were located in and around the areas of necrosis (Figure 2 ). In contrast, only a limited number of neutrophils accumulated in livers of OPN-deficient mice and only very few extravasated after 1 day. Whereas the number of neutrophils declined in WT animals at 3 days compared to 1 day after BDL, the number increased in OPN-deficient mice ( Figure 2B , C). Together with the injury data, these observations suggest that the inflammatory injury in WT animals occurs mainly during the first 24 h after BDL and in OPN-deficient mice between 1 and 3 days after BDL.
Induction of OPN and MMP-3 gene expression
To further investigate the mechanism of protection in OPN-KO mice compared to WT mice, real-time RT-PCR analysis was performed for hepatic OPN mRNA expression 1 or 3 days after BDL. As expected, no OPN mRNA was detected in OPN-KO mice ( Figure 3A) . No difference in OPN mRNA was observed between WT sham and WT BDL animals 1 day after BDL (Figure 3A ) or earlier (data not shown). However, livers from WT mice 3 days after BDL showed a more than 10-fold increase in OPN mRNA expression compared with WT sham mice ( Figure 3A) . To examine whether MMPs could be upstream mediators of OPN activation, mRNA levels of MMP-2, -3, -7, and -13 were measured in the liver samples. A 4-fold increase in MMP-3 mRNA was observed 1 day after BDL in WT but not in OPN-KO mice ( Figure 3B ), while MMP-2 and -13 mRNA did not change (data not shown) and MMP-7 mRNA was not detectable under these conditions.
OPN is expressed exclusively in BDECs and its expression is increased post BDL
To define where OPN was expressed in the liver, immunohistochemistry using an anti-OPN antibody was used on liver tissue sections from control mice, and mice 1 day and 3 days post BDL (Figure 4) . While there was no evidence for OPN expression in hepatocytes from any of the time points, there was extensive staining of bile duct epithelial cells (BDECs) in all samples. There was a dramatic increase in OPN expression in BDECs by 72h post BDL, consistent with mRNA data.
OPN is secreted by BDECs into bile and cleaved by MMPs in response to BDL
To examine regulation of remote liver injury by OPN during cholestasis, bile samples from WT mice 1 day after BDL were analyzed by western blot and gel zymography. Because bile in gallbladder is very limited in sham-operated mice, bile samples from the 4 control mice were pooled ( Figure 5A , lane 1). Interestingly, no full-length OPN (fOPN) was found in bile either 1 day after BDL or in sham-operated mice (data not shown). Importantly, cleaved OPN (cOPN) was significantly increased in 1-day BDL WT mice ( Figure 5A , lane 2-5) when compared with sham-operated animals ( Figure 5A, lane 1) . At the same time, elevated MMP-2, -3 and -9 enzymatic activities were found in the bile samples of 1-day BDL mice (Figure 5B ), indicating that MMPs were present in bile that could cleave full-length OPN.
The MMP inhibitor BB-94 protected against liver injury and PMN extravasation after BDL
Since increased MMP-3 mRNA and cleaved OPN were observed in 1-day BDL mice, we used BB-94, a potent broad spectrum MMP inhibitor (Wielockx et al., 2001) to assess a potential contribution of MMPs in the pathophysiology. Compared to vehicle controls, the MMP inhibitor treated animals had 54% reduced plasma ALT levels ( Figure 6A ) and almost no areas of necrosis (bile infarcts) were detected ( Figure 6B, C) . Accordingly, very few neutrophils were seen in liver sections of BB-94 treated mice ( Figure 7B ), resulting in a dramatic decrease of total and extravasated neutrophil counts in liver sections ( Figure 7A ). Next, we determined whether the MMP inhibitor influences cleavage of full-length hepatic OPN to attenuate liver injury. In agreement with the previous experiment, an increase in cleaved OPN was observed in bile after BDL compared to sham-operated animals. This increase was attenuated by the MMP inhibitor BB-94 ( Figure 7C ). Again, no full length OPN was detectable in bile of any animal (not shown). These data suggest that MMPs are involved in the initiation of the inflammatory response after BDL most likely by generation of the pro-inflammatory cleaved form of OPN.
DISCUSSION
Osteopontin as an inflammatory mediator in BDL
The objective of this investigation was to evaluate if osteopontin could be involved in the inflammatory response after BDL in mice. Previous studies demonstrated that osteopontin, especially the cleaved form, can be an effective chemotactic mediator for neutrophils (Banerjee et al., 2008; Ramaiah and Rittling, 2008) . In fact, it has been shown that cleaved osteopontin is responsible for neutrophil recruitment in a rat model of alcoholic hepatitis (Apte et al., 2005; Banerjee et al., 2006a,b) . As the initial injury during BDL was strongly attenuated in OPN-deficient mice, we can conclude that OPN is a critical mediator of the early injury phase after BDL. Because liver injury after BDL in mice is mainly caused by neutrophils (Gujral et al., 2003 (Gujral et al., , 2004b and hepatic neutrophil accumulation was absent in OPN-KO mice at 24 h, OPN was likely the major mediator involved in neutrophil activation and recruitment during the early injury phase. The fact that neutrophil cytotoxicity is not impaired in OPN-KO neutrophils (Koh et al., 2007) supports the conclusion that OPN acted primarily as a chemotactic mediator after BDL. However, at 3 days after BDL, no significant difference in necrosis or neutrophil accumulation was observed suggesting that other inflammatory mediators may have taken over in OPN-KO mice at later time points. Consistent with these observations, elimination of OPN had no significant effect on liver injury or fibrosis after 8 weeks of BDL (Fickert et al., 2010) . Identification of inflammatory mediators playing roles at later time points requires further studies. However, CXC chemokines are likely candidates as these mediators are induced by bile acids in hepatocytes (Allen et al., 2011; Zhang et al., 2012 ).
An interesting observation was the fact that virtually no bile infarcts (areas of necrosis) were observed in OPN-KO mice at 24 h after BDL but there was a mild increase of ALT. After BDL, bile leaks back into the parenchyma in areas where the increased pressure leads to ruptures in the biliary system (Fickert et al., 2002) . Thus, the low ALT increase indicates that there was some stress on hepatocytes from this bile leakage but not enough to cause necrosis. This is the perfect scenario for a neutrophil-mediated injury. Neutrophils recruited into the liver require a chemotactic signal from the parenchyma to extravasate and to attack and kill the stressed cells (Chosay et al., 1997; Gujral et al., 2004a) . However, a neutrophil can only affect the overall injury in a situation where the stressed cells would not have died but recovered in the absence of neutrophils (Jaeschke, 2006) . If the cells die from a primary insult such as after acetaminophen exposure, neutrophil recruitment has no impact on the injury (Cover et al., 2006; Jaeschke et al., 2012) . The fact that there was no neutrophil recruitment and cell necrosis in OPN-deficient mice early after BDL indicates that OPNmediated neutrophil activation and recruitment was a critical event in mediating cell death of the stressed hepatocytes.
Release and processing of OPN after BDL
As OPN is a critical mediator of inflammation after BDL, the question is where is OPN formed and how does it recruit neutrophils into the parenchyma to cause these characteristic areas of necrosis (bile infarcts). In normal livers, OPN is mainly located in biliary epithelial cells (Apte et al., 2005; Fickert et al., 2007) . However, OPN can also be expressed in hepatocytes during prolonged cholestasis (Fickert et al., 2007 (Fickert et al., , 2010 or alcoholic hepatitis (Apte et al., 2005; Banerjee et al., 2006b ). In our experiments, there was no relevant OPN expression in hepatocytes but increased OPN level in BDECs after BDL. The data suggest that the OPN is derived from biliary epithelial cells during acute obstructive cholestasis. These cells are under considerable stress due to the increased pressure in the biliary tract after BDL. The fact that OPN levels in bile substantially increased after BDL suggests that OPN had to be released by biliary epithelial cells into bile. Because most of the OPN in bile was present as the cleaved form, this indicates that OPN was either cleaved within biliary epithelial cells or that the intact form was released and the processing occurred in bile. OPN is known to be cleaved by thrombin (Senger et al., 1994) but also by matrix metalloproteinases, especially MMP-3 and MMP-7 (Agnihotri et al., 2001) . Characteristic OPN fragments caused by MMP activities include peptides of 40 and 32kD (Agnihotri et al., 2001 ) similar to what was observed in our study. In general, MMP-cleaved OPN fragments appear to be more potent activators and chemoattractants of leukocytes (Agnihotri et al., 2001) . Co-expression of OPN and induction of MMPs has been reported for wound healing and inflammation (Agnihotri et al., 2001; Dobaczewski et al., 2010; Giachelli et al., 1998; Mori et al., 2008) . Our data demonstrate that MMP-3 was induced in the liver early after BDL. In addition, we could show that increased MMP-2, -3 and -9 activities were detectable in bile. Thus, it appears likely that MMPs including MMP-3 were released into bile and cleaved OPN to form a potent chemoattractant for neutrophils. The fact that the general MMP inhibitor Batimastat (BB-94) reduced OPN cleavage in bile and effectively reduced neutrophil recruitment and liver injury after BDL supports this conclusion.
MMPs are known to degrade all components of the extracellular matrix but they are also involved in the modulation of cytokine and chemokine activity (Van Lint and Libert, 2007; Manicone and McGuire, 2008) . MMPs can cleave cytokines and chemokines and generate chemotactic gradients or inactivate these pro-inflammatory mediators (Van Lint and Libert, 2007) . Although our data strongly suggest that neutrophil recruitment and injury during the first 24 h is dominated by MMP-cleaved OPN, it cannot be excluded that additional substrates of MMPs are involved at later stages. In fact, the formation of chemokines such as MIP-2 and KC in hepatocytes after exposure to bile acids (Allen et al., 2011) may provide opportunity for MMPs to activate these chemokines and form a chemotactic gradient that promotes the initial inflammatory response. The fact that in the absence of OPN, there is a delayed neutrophil recruitment and injury after BDL supports the involvement of additional chemoattractants such as MIP-2 and KC in the pathophysiology.
A recent paper also demonstrated a protective effect of a MMP inhibitor 14 days after BDL (Kahraman et al., 2009 ). However, in contrast to our study, these authors focused on longterm effects of the pan-MMP inhibitor CTS-1027 showing reduced liver injury (apoptosis and bile infarcts) and less fibrosis (Kahraman et al., 2009 ). The authors suggested that MMPs induced hepatocellular apoptosis (Kahraman et al., 2009 ). However, a role of apoptosis in BDL-induced liver injury has been disputed (Gujral et al., 2004c; Fickert et al., 2005; Nalapareddy et al., 2009; Woolbright et al., 2013) . Thus, it is unlikely that the MMP inhibitor worked through this mechanism. On the other hand, the anti-fibrotic effect of the MMP inhibitor may be related to reduced extracellular matrix degradation by MMPs secreted by activated stellate cells. In addition, the long-term effect on tissue injury could also be related to inhibition of pro-inflammatory cytokine and chemokine formation (Van Lint and Libert, 2007) . Thus, the mechanism of protection by the MMP inhibitor in the study by Kahraman et al. (2009) is different compared to the very early effect on OPN cleavage described in our manuscript. In addition, in both studies pan-MMP inhibitors were used, which raises the possibility that different MMPs might be involved in the early versus late phase of the injury after BDL.
Direct cytotoxicity of bile acids after BDL
In addition to inflammation, direct cytotoxicity of bile acids has been proposed as mechanism of cholestatic liver injury (Higuchi and Gores, 2003; Perez and Briz, 2009 ). However, the fact that impairment of neutrophil cytotoxicity drastically reduces bile infarcts without affecting cholestasis suggests that in this mouse model bile acids may not cause direct cytotoxicity (Gujral et al., 2003 (Gujral et al., , 2004b . Consistent with these findings, even mM concentrations of the most abundant bile acids found in mice after BDL (taurocholic acid, tauromuricholic acid and muricholic acid) do not cause hepatocyte cell death (Allen et al., 2011; Zhang et al., 2012) . In contrast, these bile acids trigger formation of neutrophil chemoattractants (CXC chemokines) in mouse hepatocytes (Allen et al., 2010 (Allen et al., , 2011 . These data support the hypothesis that bile acids leaking back into the parenchyma after BDLinduced rupture of cholangioles trigger formation of neutrophil chemotactic factors, which may amplify the inflammatory response initiated by cOPN.
Initiation of the inflammatory response after BDL -Conclusions
Based on published findings and the new data presented in this manuscript the following picture emerges for the early inflammatory response after BDL (Figure 8 ). After obstruction of the bile duct, the pressure in the biliary systems rapidly increases leading to stress on the biliary epithelial cells. OPN and MMPs are released into bile and MMPs generate fragments of OPN, which are chemotactic mediators for leukocytes. Due to the excessive pressure in the biliary system, ruptures in the biliary system occur at the level of the cholangioles, which results in the leakage of bile into the parenchyma (Fickert et al., 2002) . Cleaved OPN acts directly as a chemoattractant for neutrophils, leading to the recruitment of neutrophils into the liver and extravasation in the area of bile leakage. Hepatocytes exposed to MMPs and the high levels of bile acids such as TCA trigger transcriptional activation of inflammatory genes including ICAM-1 and CXC chemokines and potentially some very mild injury that does not directly result in cell death. However, the extravasating neutrophils attack and kill these stressed cells thereby generating the characteristic bile infarcts (areas of necrosis). In OPN-deficient mice, the initial chemotactic signal is missing causing the delay of the inflammatory response and injury. However, high levels of BAs trigger transcriptional activation of CXC chemokines in hepatocytes, which requires some time to fully develop (Allen et al., 2011; Zhang et al., 2012) . These chemokines, although not the most potent activators of neutrophils (Bajt et al., 2001) , may eventually provide a sufficiently strong chemotactic signal to trigger neutrophil extravasation and induce a delayed inflammatory injury. Thus, the MMP-mediated cleavage of OPN represents the early pro-inflammatory signal, which induces a neutrophil-mediated injury phase after BDL in mice.
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Highlights
• Cholestatic liver injury occurs partially by neutrophil mediated hepatic necrosis
• Osteopontin-deficient mice are protected against early cholestatic liver injury
• Metalloproteinases cleave osteopontin to a pro-inflammatory form in bile
• MMP inhibitor prevents neutrophil recruitment and early cholestatic liver injury
• Osteopontin mediates neutrophil recruitment leading to cholestatic liver injury Liver injury after bile duct ligation (BDL) in mice. Wild-type (WT) animals or OPN knockout (KO) mice were sham-operated or subjected to BDL. The animals were sacrificed after 1 or 3 days. Plasma ALT activities were measured (A) and formalin-fixed liver sections were stained with H&E (C). The total number of bile infarcts was counted in each H&E-stained section (B). Data are expressed as mean ± SE of n=5 animals per group. *P<0.05 compared with sham; # P<0.05 compared with WT. Magnification, x50. Hepatic neutrophil (PMN) accumulation after BDL in mice. WT animals or OPN KO mice were sham-operated or subjected to BDL for 1 or 3 days. Neutrophils present in sinusoids and extravasated in the parenchymal tissue were counted in 20 high-power fields (HPF) (A: 1-day BDL; B: 3-day BDL). Formalin-fixed liver sections were stained for chloroacetate esterase activities to assess hepatic neutrophil accumulation (C). Data are expressed as the total number of neutrophils in liver sections and the number of extravasated neutrophils (present in areas of necrosis). Data represent means ± SE of 5 animals per group. *P<0.05 compared with sham; # P<0.05 compared with WT. Magnification, x200. OPN expression in bile duct epithelial cells (BDECs) and hepatocytes. WT animals were subjected to BDL for 1 or 3 days and liver section were stained by immunohistochemistry for OPN using an anti-OPN antibody. BDECs show increased expression of OPN after BDL (B, C). While there was extensive staining of BDECs (red arrows), no OPN expression was observed in hepatocytes (D, E, F). Magnification, x100. Effect of MMP inhibitor BB-94 on BDL-induced liver injury. WT mice were sham-operated or subjected to BDL for 1 day. Some animals were treated intraperitoneally with 2 doses of 20 mg/kg of the MMP inhibitor Batimastat (BB-94); the first dose was administered just after BDL and the second one 6 hours after BDL. Vehicle-treated mice served as controls. Liver injury was assessed by plasma ALT activities (A) and histologically in H&E stained sections (C). The number of bile infarcts was counted in each tissue section (B). Data are expressed as mean ± SE of n=5 animals per group. *P<0.05 compared with vehicle-treated mice. Magnification, x50. Effect of MMP inhibitor BB-94 on hepatic neutrophil (PMN) accumulation after BDL.WT mice were sham-operated or subjected to BDL for 1day. Some animals were treated intraperitoneally with 2 doses of 20 mg/kg of the MMP inhibitor Batimastat (BB-94); the first dose was administered just after BDL and the second one 6 hours after BDL. Vehicletreated mice served as controls. Total and extravasated PMNs were counted in 20 high power fields (A) of naphthol-ASD chloroacetate esterase-stained tissue sections (B). Data represent means ± SE of 5 animals per group. *P<0.05 compared with vehicle-treated mice. Magnification, x200. (C) OPN protein levels in bile samples after sham-operation or BDL. Bile samples from pooled sham-operated animals and from individual mice subjected to 1day BDL treated with either vehicle or BB-94 were analyzed for cleaved OPN by western blotting. Proposed mechanism of inflammatory liver injury in the early phase of obstructive cholestasis. After bile duct ligation (BDL), osteopontin (OPN) released from biliary epithelial cells could be cleaved by matrix metalloproteinases (MMPs) in bile. When the growing pressure in the biliary system results in rupture of cholangioles, cleaved OPN enters the parenchyma, and then attracts and activates neutrophils. The process is facilitated by intercellular adhesion molecule-1 (ICAM-1) expression on hepatocytes, which is induced by high concentrations of bile acids (BAs) leaking into the parenchyma. If OPN is absent, CXC chemokines such as MIP-2, which are also induced by BAs in hepatocytes, can promote neutrophil activation and recruitment resulting in a similar but delayed inflammatory injury.
